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Abstract 
Wooden and plastic pallets are used extensively in global trade to transport finished goods and products. 
This article compares the life cycle performance of treated wooden and plastic pallets through a detailed 
cradle‐to‐grave life cycle assessment (LCA), and conducts an analysis of the various phytosanitary 
treatments. The LCA investigates and evaluates the environmental impacts due to the resources 
consumed and emissions of the product throughout its life cycle. The environmental impacts of the 
pallets are compared on a one‐trip basis and a 100,000‐trips basis. Impact categories are chosen with 
respect to environmental concerns. The results show that on a one‐trip basis, wooden pallets with 
conventional and radio frequency (RF) heat treatment incur an overall carbon footprint of 71.8% and 
80.3% lower, respectively, than plastic pallets during their life cycle; and in comparison with wooden 
pallets treated with methyl bromide fumigation, they incur 20% and 30% less overall carbon footprint. 
Theoretical calculations of the resource consumption and emissions of RF treatment of pallets suggest 
that dielectric technology may provide a lower‐carbon alternative to both current ISPM 15‐approved 
treatments and to plastic pallets. Methyl bromide fumigation (15.95 kg CO2 equivalent [eq.]) has a larger 
carbon footprint than conventional heat treatment (12.69 kg CO2 eq.) of pallets. For the 100,000‐trips 
basis, the differences are even more significant. The results recommend that wooden pallets are more 
environmentally friendly than plastic pallets, and conventional and RF heat treatment for wooden pallets 
is more sustainable than methyl bromide fumigation treatment. 
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Wood and plastic pallets are extensively used in global trade to transport finished goods and products. This 
paper compares the life cycle performance of treated wooden and plastic pallets through a detailed cradle-
to-grave Life Cycle Assessment (LCA) and conducts the analysis of the various phytosanitary treatments. 
The LCA investigates and evaluates the environmental impacts due to the resources consumed and 
emissions of the product throughout its life cycle. The environmental impacts of the pallets are compared 
on a 1 trip basis and 100,000 trips basis. Impact categories are chosen with respect to the environmental 
concerns. The results show that in 1 trip basis, wooden pallets with conventional and Radio Frequency (RF) 
heat treatment incur an overall carbon footprint of 71.8% and 80.3% lower, respectively, than plastic pallets 
during their life cycle; and in comparison with wooden pallets treated with methyl bromide fumigation, 
they incur 20% and 30% less overall carbon footprint. Theoretical calculations of the resource consumption 
and emissions of RF treatment of pallets suggest that dielectric technology may provide a lower-carbon 
alternative to both current ISPM 15-approved treatments and to plastic pallets. Methyl bromide fumigation 
(15.95 kg CO2 eq.) has a larger carbon footprint than conventional heat treatment (12.69 kg CO2 eq.) of 
pallets. For the 100,000 trips basis, the differences are even more significant. The results recommend that 
wooden pallets are more environmental friendly than plastic pallets and conventional and RF heat treatment 
in wooden pallets is more sustainable than methyl bromide fumigation treatment.   
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1. Introduction 
According to the International Standards for Phytosanitary Measures document No. 15 (ISPM 15), 
wood packaging materials need to be treated to kill and remove certain identified insect pests prior to being 
used for international trade (IPPC 2016). The two currently approved treatment methods are Heat Treatment 
(HT) in conventional dry kilns and Methyl Bromide (MeBr) fumigation. Conventional HT requires large 
and expensive conventional kilns using fossil fuels, thus emitting pollutants (e.g., carbon dioxide and oxides 
of nitrogen). Fumigation leads to the emission of MeBr, which has a high ozone depleting potential and 
thus raises environmental concerns (UNEP 2010). Plastic pallets do not require Phytosanitary Treatment 
(PT); however, manufacture of plastic pallets involves the use of a fire retardant known as “deca-bromine”, 
which has raised many health problems (Sjodin et al. 2003; Darnerud 2003; Bilbao 2011).  
Life Cycle Assessment (LCA) has been widely used to evaluate a variety of products and processes, 
such as additively manufactured products (Faludi et al. 2015; Ma et al. 2018a), sustainability considered 
products (Ma et al. 2015a & b; Ma et al. 2018b), and supply chain (Browne et al. 2005). Extensive pertinent 
prior LCA studies addressed pallets (e.g., Lee and Xu 2004; Franklin Associates 2007; Gasol et al. 2008; 
Anil 2010; Ali 2011; Carrano et al. 2014; Carrano et al. 2015; Tornese et al. 2016; Almeida and Bengtsson 
2017). However, due to the limited Life Cycle Inventory (LCI) data, the environmental impact has never 
been a major focus (Park et al. 2017). Carrano et al. (2014) covered environmental impact of wooden pallets, 
but because different pallet materials were not considered, differences across the compared pallet 
management strategies were minimal. Later, both Carrano et al. (2015) and Tornese et al. (2016) discussed 
pallets’ carbon emission impact; however, carbon analysis can only partially represent the environmental 
performance. Park et al. (2017) proposed a wooden pallet repair study, but the treatment processes were not 
included. Almeida and Bengtsson (2017) provided process benchmarks of pallet LCAs, but their study was 
general in nature, and did not focus on wooden or plastic pallets. Amin et al. (2018) investigated the plastic 
pallets from the perspective of reverse logistics in Canada. Their study has focused only on a limited portion 
of the supply chain however. There are also several studies that performed LCA to compare the 
environmental impacts. Ng et al. (2014) compared emissions of recycled wood waste with virgin softwood 
in the application of wooden pallets wherein results showed that wood waste has lower carbon emission 
than virgin softwood. Bengtsson and Logie (2015) compared the environmental impacts of softwood, 
hardwood, plastic and cardboard pallets for use in one-way and producing pooled pallet system in either 
China or Australia. The results showed that the use of wood along with regular maintenance will have less 
environmental impact.  
The extant works lack comprehensive LCA analysis to provide convincing environmental impact 
results of wooden and plastic pallets. Articles and published studies by pallet companies show that LCAs 
have often been used in a way to establish the green credentials of each company’s products (Ray et al. 
2006; Brindley, 2010). Most importantly, to the best of our knowledge, no prior research has focused on 
assessing the environmental impacts of PT of wooden pallets, which has been mentioned by plastic pallet 
companies as the main disadvantage of wooden pallets along with their shorter life spans and load bearing 
capacities (Ray et al. 2006). While sustainability initiatives aimed at reducing environmental impacts of 
individual products, the economic viability factor has been regarded with higher importance in evaluated 
product systems.  
The LCA study adopted in this paper is a cradle-to-grave analysis of wooden and plastic pallets. The 
study also compares the two treatment methods as well as a new alternative treatment method using 
dielectric heating via radio frequency (RF) irradiation. The efficacy of dielectric methods using microwaves 
in PTs has been investigated and established (Fleming et al. 2003; 2004; 2005). RF heating is fast, energy 
efficient, penetrates deeper into the wood profile, and selectively heats and kills pests (Nelson, 1996). RF 
heating uses electricity as its source, resulting in less total energy consumption while producing essentially 
no emissions, excluding the power generation stage. The efficacy of RF heating is currently being 
researched; this LCA study will augment the relevant research by determining its environmental impact 
profile relative to conventional HT and MeBr. 
This study was developed to evaluate and compare the environmental impacts of a 48 inch x 40 inch 
(1.22 m x 1.02 m) GMA block type wooden pallet and a 100% virgin injection molded high density 
polyethylene (HDPE) plastic pallet (grocery industry standard specified) using a life cycle analysis 
methodology. 100% virgin plastic is most commonly used in practice for plastic pallet manufacture due to 
the higher durability and strength inherent with the use of virgin plastic compared to recycled plastic. The 
LCA study conducted here is aimed at understanding the environmental burdens of conventional HT, 
fumigation and RF heating relative to the plastic pallet alternative. The LCA results are proposed to act as 
a framework in order to support, guide and recommend decision makers with quantified environmental 
impacts of wooden and plastic pallets. The LCA study was commissioned with the purpose of informing 
industry and decision makers of the carbon footprint impacts of pallet type decisions and the environmental 
hazards of existing phytosanitary treatment methods. The cradle-to-grave life cycle considered in this study 
includes raw materials extraction, wooden and plastic pallets manufacturing, PT for wooden pallets, 
use/transportation and disposal for both pallet types. 
2 Methodology 
The widely accepted four steps in the LCA study include: 1) goal and scope definition, 2) life cycle 
inventory (LCI), 3) life cycle impact assessment (LCIA), and 4) interpretation of results (ISO 2006 (a); ISO 
2006 (b)). This LCA study compares two pallet types on the basis of their material type: (1) 48 inch x 40 
inch (1.22 m x 1.02 m) GMA block wooden pallet made by North American southern pine lumber, and (2) 
100% virgin HDPE plastic pallet made through injection molding. Phytosanitary Treatment (PT), can only 
be applied to the wood pallets, including conventional heat treatment (HT), MeBr fumigation, and RF 
heating. Plastic pallets do not need treatment; thus, are considered as the “no treatment” option.  
2.1 Goal and Scope Definition  
LCA comparison studies always require a functional unit, which acts as the basis of comparison, to 
enable the further comparison of varied product systems. The LCA in this study selected the functional unit 
as the required number of wooden or plastic pallets for a certain number of trips. Therefore, the 
environmental impacts generated by the required number of wooden and plastic pallets are compared given 
a certain number of trips. Herein, due to the different life spans of plastic and wooden pallets, they are 
compared on the basis of two different functional units; the first, 1 pallet trip to establish a base line analysis, 
and the second, 100,000 pallet trips. The 100,000 pallet trips functional unit was used in industry-sponsored 
unpublished studies by CHEP and Franklin Associates (2007) and IGPS (ERM and IGPS 2008) to 
theoretically reduce the level of bias that is generated in comparing different number of pallet trips per 
pallet life cycle. Pallet trips per pallet type is a debatable metric as the design and uses of pallets vary widely; 
the relevant assumptions used by this research team were selected as compromises between the assumptions 
made in the above studies, each of which appeared to base their analysis on pallet-trip assumptions that 
favored their particular type of pallet. These assumptions were validated through personal contacts with 
industry officials and representatives.  
Two assumptions made in this LCA study are transportation distances and pallet life. Pallet life depends 
significantly on material types, carried loads, and manufacturing procedure. Under the specific handling 
and loading conditions, the Pallet Design System (PDS) estimates the total life of a 48 inch x 40 inch (1.22 
m x 1.02 m) GMA type pallet to be 11 cycles without repair and 33 cycles with repair (Westwind Logistics 
2011). The pallet cycle represents the completion of the useful travel starting from pallet pickup and ending 
at pallet return, and it also includes the solution process for handling of the finished products. For example, 
the fork vehicles get the full pallets from the palletizer, then feed empty pallets to the palletizer, then move 
the products into the targeted place and return pallets back. Conservative pallet life assumptions of 15 trips 
for the wooden pallet and 100 trips for the plastic pallet were used in this study. These numbers were 
obtained through the simulation of a series of forces and impacts applied to the pallet during each cycle; 
the frequency and severity of these impacts were estimated based on laboratory measurements and 
observations. The resistance to the damage (or retirement of pallet) and damage level for repair requirement 
or replacement were evaluated based on laboratory testing and NWPCA Uniform Standard for pallets. Since 
plastic pallets travel further than wooden pallets because of the limited number of plastic manufacturers 
and collection depots, transportation distances are assumed to be 200 miles (322 km) and 425 miles (684 
km) for wooden and plastic pallets, respectively (As shown in Table 1). These distance values were assumed 
based on empirical estimation.   
Table 1: Transportation Data: Distances Considered (in miles) 
Item Wooden Pallet Plastic Pallet 
HT MeBr HDPE Plastic Pallet 
Distance from pallet manufacturer to product manufacturer 75 75 175 
Distance from product manufacturer to distribution center (This 
leg of the trip is a function of the product and not the pallet) 0 0 0 
Distance from distribution center to inspection/recycling depot 75 75 125 
Distance from inspection/recycling depot to product 
manufacturer 50 50 125 
Total round trip distance 200 200 425 
  
2.2 Life Cycle Inventory (LCI) Analysis 
Data used in the LCA study was sourced from published journal papers, pallet manufacturing company 
surveys and the Ecoinvent databases available in the SimaPro software. Data collected was verified against 
data quality requirements related to constraints in time, geography, technology type, data representativeness, 
and allocation and system boundaries.  
Wooden pallets and LCI. Because the most significant environmental impacts for wooden pallets are 
incurred during the transportation and final disposal stages, and one of the primary goals of this study is to 
compare the phytosanitary treatment methods, the LCI data and relevant analysis will focus on these fields. 
The lifespan of wooden pallets includes production of hardwood/softwood lumber, pallets manufacturing, 
pallets treatment, use/transportation and end-of-life treatment. Pallet manufacturing involves sawing of 
lumber from cants, nailing of deck boards and marking and/or painting for identification. Process waste 
products such as wood chips and shavings can be used as fuel raw materials to satisfy energy requirements 
or sold directly to other byproduct markets. Manufactured pallets are treated to kill any pests present in the 
wood components when required to meet shipping conditions. The two currently-approved ISPM 15 
treatments are MeBr fumigation and HT (IPPC 2016).  
HT involves heating of wood in dry kilns, until the inner core reaches 56°C temperature and keeps this 
temperature for 30 minutes (IPPC 2016). Heating requires wood or fossil fuels, typically propane, and emits 
greenhouse gases. MeBr fumigation involves fumigation of a chamber filled with wood pallets with MeBr 
leading to the emission of ozone invasive MeBr. Treated pallets are then loaded onto trucks and sent to 
customers through distribution centers. When arriving at distribution center, the goods need to be either a) 
unloaded from the pallets and re-loaded onto another set of pallets for transportation to retailers, or b) 
transported to retailers directly on the original pallet. It is usually using a different set of pallets to transport 
from the distribution center to the retailer (scenario (a) above), however, this additional transportation is 
not considered in this study. Unloaded pallets would be collected in the distribution center and then sent in 
trailer loads to an inspection center or pallet depot. If the pallets are not damaged, then they are sold back 
into the supply chain for reuse. Pallets that require repair are repaired using recycled components. When 
the pallets reach to the end of life, they are dismantled into components, mulch, animal bedding, and energy 
byproducts to recycle or landfilled and incinerated directly. According to the recycle data obtained from 
Bush and Araman (2009), 10% of the pallet cores received in the U.S. wood pallet and container industry 
in 2006 were re-used without repair, 67% were re-used after repair, 15.7% were un-nailed for component 
recycle, 6% were ground or chipped for byproduct use, 0.2% were landfilled, and 1.1% were used for other 
purposes (Bush and Araman, 2009). These data will be used to model the end of life strategies.  
Hardwood and softwood lumber manufacturing data were obtained from Bergman and Bowe (2008) 
and Milota et al. (2005), respectively. Pallet heat treatment and fumigation data were obtained from pallet 
treatment vendors. RF heating data was collected through the calculation from RF heating equipment 
manufacturers. Conventional heat treatment of one pallet requires roughly 4775 BTUs (5,037,892 Joule) of 
energy from natural gas, electricity and heating in a conventional oven, given energy loss of equipment 
considered. Data collected from a fumigator suggested that methyl bromide fumigation requires about 10-
15g of MeBr for one pallet. Fumigation emits approximately 80% of the applied MeBr dosage (UNEP 
2006). MeBr has an ozone depletion potential of 0.5 and a global warming potential of 5. The RF heating 
of one kg of wood with 19% moisture requires 86 BTUs of energy provided by an electric source. Ongoing 
studies are currently being performed to increase the data samples available for treatment data. 
Plastic pallets and LCI. The lifespan of a plastic pallet includes production of HDPE resin, injection 
molding (manufacturing of plastic pallets), use/transportation of plastic pallets, and end of life treatment. 
Among these stages, the most environmentally significant stages are manufacturing of HDPE resin and 
transportation. The manufacturing of plastic pallets requires the raw materials including: 100% virgin 
HDPE resin, electricity and other fuel sources for energy requirements. Crude oil and natural gas will be 
used in the production of HDPE resin using either slurry polymerization or gas phase polymerization. The 
manufactured pallet will then be passed through an ultraviolet (UV) stabilizer, which enhances the life of 
the pallets. The use phase of plastic pallets is similar to the wooden pallets. However, the distance between 
the manufacturer and the customer is expected to be further than that in wooden pallets because of the much 
fewer of suppliers; this is reflected in the SimaPro model data input. Plastic pallets are assumed to have a 
longer lifetime than wooden pallets. When they retired, the plastic pallets are dismantled to HDPE and 
several other components of the pallet. Most of the HDPE will then be recycled to make various articles 
including certain lighter-use pallets and slip sheets.  
The data for HDPE plastic resin production was obtained from a cradle-to-resin LCI study conducted 
by Franklin Associates for the American Chemistry Council (Franklin Associates 2007). Injection molding 
data was obtained from Thiriez and Gutowski (2006). We assume both resin production and injection 
were completed in the same site and there was no transport between them. The other assumptions 
were made in the LCA study with respect to the pallet life and transportation distances. Sensitivity analyses 
were conducted to test these assumptions and to study the impact on results. Plastic pallets are made from 
plastic molds that consist of the HDPE resin. To improve stability to fire, a fire retardant such as 
Decabromine is also added during the process of manufacture. Table 2 summarizes the LCI data for wooden 
pallets and plastic pallets.  











Process Type Material Amount Unit Resource 
Raw Materials Inputs 
Logs 0.06 m3 
Milota et al. (2005) 
Water 9.32 kg 
Natural gas 0.22 kg 
Coal 0.70 kg 
Crude Oil 0.10 kg 
Limestone 0.04 g 
Wood/wood wastes 0.62 g 
Methyl Bromide (for fumigation) 0.44 g 
Airborne Emission 
CO2 (biomass-onsite) 14.5 kg 
CO2 (biomass-offsite) 0.15 g 
CO2 (fossil) 2.26 kg 
CO2 (total) 16.88 kg 
CO 0.097 kg 
SOX 0.021 kg 
NOX 0.018 kg 
Methane 4.68 g 
VOC 24.94 g 
Particulates 1.35 g 
Particulates (unspecified)  1.79 g 
Phenol 0.28 g 
Particulates (PM10) 0.35 g 
Formaldehyde 0.085 g 
Waterborne Emissions 
Dissolved Solids 0.012 kg 
Cl- 0.53 g 
Suspended Solids 1.29 g 
Oil 0.2 g 
Chemical Oxygen Demand 0.17 g 
Biological Oxygen Demand 0.012 g 
Solid Emissions 
Solid Waste 0.43 kg 
Paper/Packaging 17.65 g 
Wood 1.18 g 
Energy Consumptions 
Natural gas 11.09 MJ 
Pallet manufacturing 
company (USA) 
LPG (Heat treatment) 148,172 MJ 
Hydro energy 0.21 MJ 
Coal 19.62 MJ 
Crude Oil 4.65 MJ 
Uranium 8.12 MJ 
Energy (undefined) 0.38 MJ 
Wood and bark for fuel 144.38 MJ 
Manufacturing Inputs 
Softwood lumber 0.00008 m3 
Wooden planks 0.44 p 
Diesel 0.000189 l 
Electricity 0.03 kWh 








Energy Source (for 
process and HDPE 
Manufacturing) 
Natural gas 1,098.2 MJ 
Franklin Associates (2007) 
Petroleum 235.6 MJ 
Coal 47.12 MJ 
Hydropower 2.09 MJ 
Nuclear 11.21 MJ 
Other 2.28 MJ 
Energy recovered 87.02 MJ 
Solid Emissions 
Landfilled 609.9 g 
Incinerated 72.58 g 
WTE 0.52 g 
Atmospheric 
Emissions 
CO2 (fossil) 20.08 kg 
Methane 7,885 g 
Nitrous Oxide 120.27 g 
Methyl Bromide 0.00000038 g 
Methyl Bromide 0.00000399 g 
Trichloroethane 0.0000779 g 
Chloroform 0.000000836 g 
Methylene Chloride 0.00532 g 
Carbon Tetrachloride 0.00323 g 
CFC-012 0.00722 g 
HCFC/HFC (1) 0.0323 g 
Waterborne Emissions 
Barium 53.39 g 
BOD 20.71 g 
Bromide 25.46 g 
Calcium 381.9 g 
Chlorides (Unspecified) 4,294 g 
COD 35.15 g 
Dissolved Solids 5,301 g 
Hardness 1,176.1 g 
Lithium 105.26 g 
Magnesium 74.67 g 
Metal (Unspecificed) 355.3 g 
Oil 2.47 g 
Sodium 1,210.3 g 
Strontium 6.46 g 
Sulfates 9.69 g 
Suspended Solids 120.65 g 
Raw materials input HDPE resin 19.11 kg 
Thiriez and Gutowski 
(2006) 
Electricity 28.35 MJ 
Airborne Emissions 
Carbon Dioxide 7,600 g 
Sulfur Dioxide 39.14 g 
Nitrogen Oxides 15.96 g 
Methane 372.78 g 
Mercury 0.019 g 
 
2.3 Life Cycle Impact Assessment (LCIA) Tool Selection and Limitation 
While selecting an LCIA method, the midpoint modeling technique of environmental indicators was 
chosen for its lower level of uncertainty. Many LCA studies try to aggregate environmental impacts into a 
single score, involving some simplification and assumptions that could deteriorate the quality of results. 
For this reason, single score evaluation of the product systems was passed over in favor of the midpoint 
modeling technique. Based on these consideration and criteria, the impact analysis methods chosen for the 
study were CML 2002, Eco-Indicator 99 and Impact 2002+ methods in SimaPro software.  
The CML 2002 impact assessment method uses a midpoint modeling approach. The impact categories 
are grouped into obligatory impact categories. CML 2002 method defines eight impact categories, including 
ozone layer depletion, human toxicity, aquatic eco-toxicity, terrestrial eco-toxicity, global warming, 
acidification, photochemical oxidation and eutrophication. This method includes characterization and 
normalization, but does not involve weighting (Pré Consultants, 2009). The Impact 2002+ method 
combines both midpoint and endpoint modeling approaches by grouping all the life cycle inventory 
exchanges into four endpoint categories using 14 midpoint categories. It also includes new comparative 
assessment methods for human toxicity and eco-toxicity categories. This method includes normalization in 
the midpoint or endpoint level (Pré Consultants, 2009). The Eco-Indicator 99 method uses endpoint 
modeling (Pré Consultants, 2009). The methodology uses a “top-down” re-engineered impact assessment 
method rather than the “bottom up” approach which are used in most traditional methods. This method 
includes the weighting which is simplified by using only three damage categories. 
2.4 Life Cycle Interpretation 
Life cycle interpretation is deriving conclusions, identifying limitations and also providing 
recommendations to relevant social sectors in order to support their decision-making. In this study, the 
detailed results will be presented in Results and Discussion section.    
3. Results and Discussion 
The LCA analysis of the product systems identified in this study is done using the SimaPro LCA 
analysis tool by Pré Consultants. Due to the different life spans of plastic and wooden pallets, they are 
compared on the basis of two different functional units; the first, 1 pallet trip to establish a base line analysis, 
and the second, 100,000 pallet trips.  
3.1 Life Cycle Analysis of a Wooden Pallet and Plastic Pallet 
The LCA results obtained using Eco-Indicator 99 method on wooden pallets is shown in Figure 1 (a). 
It represents the cradle-to-grave environmental impacts of a conventionally heat treated GMA type wooden 
pallet that travels 15 round trips (of 200 miles each) in its useful life. The impacts generated during the 
manufacture and transportation phase is evident in the thicker lines shown in the figure. Transportation has 
significant impacts on environment due to the heavy use of fuels. Transportation impacts depend on the trip 
rate and the loaded pallet weight. Impacts due to phytosanitary treatment and disposal are relatively smaller.  
The LCA results obtained using Eco-Indicator 99 method on plastic pallets is shown in Figure 1 (b). 
The impact analysis figure represents the cradle-to-gate environmental impacts of an injection molded 48 
inch x 40 inch (1.22 m x 1.02 m) plastic pallet that travels 100 round trips, each of 425 miles in its pallet 
life. Due to higher number of pallet trips and trip distance, transportation impacts are the most intensive. 
High carbon footprint is also generated due to the manufacture of HDPE resins as a feedstock for the plastic 
pallet production.  
 
Figure 1 Impact Assessment Wooden Pallets (a) and Plastic Pallets (b) 
3.2 Sensitivity Analysis  
Sensitivity analysis is a procedure to determine how changes in data and methodological choices affect 
the results of the LCIA (ISO 2006a). Sensitivity analyses are used to evaluate the assumptions made in the 
LCA study. In this study, two assumptions are related to pallet lifecycle and transportation distance covered 
in the life cycle of wooden and plastic pallet type. This sensitivity analysis was mainly derived based on 
the master thesis of one of our authors (Anil 2010).  
3.2.1 Pallet Life Cycle Sensitivity Analysis 
The lifespan of a wooden pallet depends on many factors, including the type and grade of material used, 
manufacturing process, number of handlings, types of machinery used in handling, maintenance services, 
and others. Based on the description in National Wood Pallet and Container Association (NWPCA 2009), 
pallet life as “The period during which the pallet remains useful, expressed in units of time or in number of 
one-way trips”. The PDS used to model wooden pallets, providing a “Pallet Service Life Analysis” which 
suggests an estimation of the predicted cycles until first repair and total pallet life. Therefore, the total 
estimated life of a GMA block type wooden pallet is 33 cycles. Each handling is a single lifting, movement 
and set down, given the medium duty loads (2000 lbs). Each handling cycle is an average of 15 pallet 
handlings. Table 3 shows the results of the sensitivity analysis for the wooden pallets for each impact 
category. It shows that varying pallet life will largely affect impact categories such as aquatic acidification, 
global warming and non-renewable energy. However, changing pallet life doesn’t fairly impact categories 
such as carcinogens, land occupation or mineral extraction. 
Table 3 Sensitivity Analysis to Compare Wooden/Plastic Pallets with Various Lifetimes 
Impact 
category Unit 





















Carcinogens kg C2H3Cl eq 0.585 0.587 0.588 0.590 0.592 87168.847 87168.863 87168.890 87168.917 87168.945 
Ozone layer 
depletion kg CFC-11 eq 0.000 0.000 0.000 0.000 0.000 3.62E-05 5.02E-05 7.36E-05 9.70E-05 1.20E-04 
Aquatic eco-
toxicity kg TEG water 917.588 1021.831 1126.074 1230.317 1334.561 57879.014 58973.600 60797.855 62622.111 64446.373 
Terrestrial eco-
toxicity kg TEG soil 187.039 202.193 217.347 232.501 247.656 1527.682 1686.804 1951.999 2217.195 2482.391 
Terrestrial acid kg SO2 eq 0.614 0.758 0.902 1.046 1.190 4.920 6.434 8.957 11.480 14.003 
Land 
occupation m2org.arable 2.624 2.628 2.631 2.634 2.637 0.210 0.244 0.300 0.356 0.413 
Aquatic 
acidification kg SO2 eq 0.133 0.156 0.179 0.202 0.224 1.405 1.644 2.043 2.442 2.840 
Aquatic 
eutrophication kg PO4 P-lim 0.000 0.000 0.000 0.000 0.000 1.73E-03 1.78E-03 1.86E-03 1.94E-03 2.02E-03 
Global warming kg CO2 eq 17.193 20.051 22.909 25.768 28.626 129.359 159.372 209.393 259.413 309.433 
Non-renewable 
energy MJ primary 166.852 180.130 193.408 206.686 219.964 733.666 873.088 1105.451 1337.815 1570.179 
Mineral 
extraction MJ surplus 0.271 0.272 0.273 0.274 0.275 0.433 0.444 0.461 0.479 0.497 
Plastic pallets made through molded plastic has much longer life cycle than wooden pallets, because 
plastic pallets are usually not broken or got damaged easily and will have the same best quality as well 
travel more than 200-250 round trips before being taken out of service (Stratis Pallets 2009). Plastic pallets 
are made of sturdy, hardened material and are thus built to last longer. The pallet life assumed in this LCA 
study is 100 trips. A sensitivity analysis is conducted to determine the change in environmental impacts 
with change in pallet life. The results of the sensitivity analysis for pallet life are shown in Table 3. Results 
show that varying pallet life will largely affect ozone layer depletion, effects of eco-toxicity, acidification, 
global warming and non-renewable energy, but without significant impact on carcinogens and other 
categories. 
  
3.2.2 Transportation Distance Sensitivity Analysis 
In this study, the transportation distance assumed for the wooden pallet life cycle model is a round trip 
distance of 200 miles. This includes the distances among the manufacturer, clients, distribution center, retail 
store and the recycler or a pallet collection center. A sensitivity analysis is conducted to vary this distance 
from 100 miles to 350 miles with 50 miles increased each time. The results show that varying the 
transportation distance does not affect the impact categories such as carcinogens and terrestrial eco-toxicity 
but affects the ozone layer depletion, acidification, eutrophication and non-renewable energy categories 
greatly. Table 4 illustrates the results of the sensitivity analysis of transportation distance. 
Table 4 Sensitivity Analysis to Compare Various Transportation Distances of Wooden/Plastic Pallets 
Impact 
category Unit 



































water 865.447 943.658 1021.896 1100.004 1178.189 1256.375 56054.791 56419.642 56784.493 57149.351 57514.195 57879.040 58243.897 
Terrestrial 
ecotoxicity kg TEG soil 179.460 190.829 202.203 213.558 224.924 236.290 1262.491 1315.530 1368.569 1421.609 1474.648 1527.686 1580.726 
Terrestrial 
acid/nutria kg SO2 eq 0.542 0.650 0.758 0.866 0.974 1.082 2.398 2.902 3.407 3.911 4.416 4.920 5.425 
Land 
occupation m2org.arable 2.623 2.625 2.628 2.630 2.633 2.635 0.154 0.165 0.177 0.188 0.199 0.210 0.221 
Aquatic 




lim 0.000 0.000 0.000 0.000 0.000 0.000 1.65E-03 1.66E-03 1.68E-03 1.70E-03 1.71E-03 1.73E-03 1.74E-03 
Global 




MJ primary 160.211 170.173 180.139 190.087 200.046 210.005 501.307 547.779 594.252 640.726 687.197 733.669 780.143 
Mineral 
extraction MJ surplus 0.271 0.272 0.272 0.273 0.274 0.275 0.462 0.472 0.479 0.485 0.486 0.488 0.49 
The transportation distance assumed in the plastic pallet is 350 miles. Since plastic pallet manufacturing 
depots are much fewer than wooden pallets, they have to travel longer distances to reach the customers. 
Therefore, the sensitivity analysis is conducted to vary the transportation distance between 100 miles and 
400 miles round trip distance with 50 miles increased each time. The results are as shown in Table 4. 
Varying the transportation distance significantly affects impact categories such as ozone depletion, global 
warming, acidification and eco-toxicity. 
3.3 Uncertainty Analysis 
Uncertainty analysis refers to a systematic procedure to quantify the uncertainty introduced in the 
results of an LCI analysis due to the cumulative effects of model imprecision, input uncertainty and data 
variability (ISO 2006 (a)). This uncertainty analysis was mainly derived based on the master thesis of one 
of our authors (Anil 2010). The three major types of uncertainty are: data collection related uncertainty, 
model correctness related uncertainty and model completeness related uncertainty. In this study, Monte 
Carlo analysis in SimaPro is used to capture and quantify an uncertainty range of an inventory result based 
on given uncertainty information. The parameters used in the analysis include: amount/units of the product 
system, IA method used and number of Monte Carlo runs to be made. These parameters are: 1) one wooden 
pallet for amount of product system; 2) Impact 2002+ for IA method, and 3) 50 for number of runs. The 
results of wooden pallets and plastic pallets are presented in Figure 2 (a) and (b) individually. Data bars of 
each impact category is normalized to 100%. The red limits (the range between upper and lower limits) on 
each bar represent the uncertainty level of each impact category. It shows that carcinogens, aquatic eco-
toxicity, terrestrial eco-toxicity, land occupation and non-renewable energy have higher levels of 
uncertainty, whereas ozone depletion, eutrophication, respiratory organics, acidification and global 
warming have lesser levels of uncertainty in Figure 2 (a). Figure 2 (b) shows that carcinogens, ecotoxicity, 
land occupation and non-renewable energy have high levels of uncertainty as compared to the other impact 
categories that are more certain in plastic pallets. 
 
Figure 2 Uncertainty Analysis Conducted on Wooden Pallets (a) and Plastic Pallets (b) 
3.4 Comparison of Pallet Types and Treatments 
The following two cases have been developed with a view of comparing wooden and plastic pallets 
with respect to number of trips. Case 1 compares the environmental impacts of a wooden and plastic pallet 
for 1 round trip and Case 2 compares the impacts for 100,000 round trips CO2 eq. 
3.4.1 Case 1: LCA Comparison of wooden pallet and plastic pallet – 1 trip 
The one trip comparison serves as a base-line for comparing wooden and plastic pallets. Plastic pallet 
manufacturing is shown to be carbon footprint intensive as opposed to wooden pallet production. 
Transportation values for the different treatments on wooden pallets are the same due to an assumption of 
equal distances. Among phytosanitary treatments fumigation is the most CF intensive, with a total GWP of 
5.46 kg CO2 eq. and RF heating, with a total GWP of 0.6 kg CO2 eq. is the least, while this number is 2.2 
kg CO2 eq. for HT. It must be noted that the only CF contributor in RF heating is due to the use of coal 
based electricity. The total CF for a wooden pallet ranges from 11.2 to 16.1 kg CO2 eq. based on the type 
of treatment method and that for plastic pallet is approximately 57 kg CO2 eq. Thus, the wooden pallets 
with conventional and RF heat treatment incur an overall carbon footprint of 71.8% and 80.3% lower, 
respectively, than plastic pallets during their life cycle.  
Table 5 shows the relative contributions of each life cycle stage to each impact category when the 
baseline comparison is 1 trip. The production phase of the pallets contributes to most of the environmental 
impacts, followed by disposal and heat treatment. The negative contribution of wooden pallet disposal 
shows how reusing wood wastes for energy requirements reduces the total impacts of a wooden pallet 
towards ozone depletion and respiratory organics. Since only one trip is considered, transportation is a very 
minimal contributor to all impact categories. 
Table 5 Impact assessment results of wooden and plastic pallets for each impact category – 1 trip & 
100,000 trips 
Case 1: 1 Trip  
Impact category Unit 
Production Transportation Heat Treatment End of Life 
WP PP WP PP   WP PP 
Ozone layer depletion    (OD) kg CFC-11 eq 2.9E-06 2.26E-06 2.7E-07 5.68E-07 2.7E-08 -1.2E-07 5.89E-07 
Respiratory organics      (RO) kg C2H4 eq 6.4E-02 1.61E-02 8.9E-04 1.89E-03 5.5E-04 -8.6E-03 1.67E-03 
Aquatic ecotoxicity        (AE) kg TEG water 484.019 51412.9 20.836 44.300 82.633 158.343 3738.61 
Terrestrial ecotoxicity    (TE) kg TEG soil 111.925 1089.67 3.029 6.440 14.513 28.289 13.334 
Land occupation             (LO) m2org.arable 2.104 1.10E-01 0.001 1.36E-03 0.002 0.239 2.47E-03 
Aquatic acidification     (AA) kg SO2 eq 6.7E-02 8.10E-01 4.6E-03 9.68E-03 7.3E-03 6.5E-03 1.78E-02 
Aquatic eutrophication (AEu) kg PO4 P-lim 8.6E-05 1.42E-03 9.2E-07 1.95E-06 7.7E-06 3.0E-05 6.42E-05 
Global warming             (GW) kg CO2 eq 7.947 50.000 0.600 1.210 2.200 2.070 5.760 
Non-renewable energy  (NE) MJ primary 90.601 243.307 2.654 5.640 20.489 26.558 73.594 
Case 2: 100,000 Trips Case 
Impact category Unit Production Transportation Heat Treatment End of Life WP PP WP PP   WP PP 
Ozone layer depletion (OD) kg CFC-11 eq 1.91E-02 2.26E-03 1.74E-02 3.36E-02 1.81E-04 -8.29E-04 5.89E-04 
Respiratory organics (RO) kg C2H4 eq 428.951 16.116 57.900 112.000 3.644 -57.488 1.665 
Aquatic ecotoxicity (AE) kg TEG water 3.23E+06 5.14E+07 1.36E+06 2.62E+06 5.51E+05 1.06E+06 3.74E+06 
Terrestrial ecotoxicity (TE) kg TEG soil 7.46E+05 1.09E+06 1.97E+05 3.81E+05 9.68E+04 1.89E+05 1.33E+04 
Land occupation (LO) m2org.arable 14030.415 110.355 41.800 80.800 15.309 1590.978 2.470 
Aquatic acidification (AA) kg SO2 eq 445.610 809.707 296.000 574.000 48.808 43.538 17.790 
Aquatic eutrophication (AEu) kg PO4 P-lim 0.575 1.42E+00 0.060 1.16E-01 0.052 0.198 6.42E-02 
Global warming (GW) kg CO2 eq 52669.269 49950.000 37200.000 72000.000 14667.400 13800.690 5759.516 
Non-renewable energy (NE) MJ primary 6.04E+05 243307.175 1.73E+05 3.34E+05 1.37E+05 1.77E+05 73593.586 
 
Figure 3 (a) shows the comparison of one wooden pallet and one plastic pallet for the one trip case. 
Under these circumstances, the plastic pallet is the least preferable option in all impact categories except 
“respiratory organics” and “land occupation”. Wooden pallets produce more impacts in these two categories 
mainly due to the volatile organic compound (VOC) emissions in its production processes and the amount 
of land required to produce wood for use as pallet lumber. In the figure, all impacts are normalized to a 
100%. For example, a wooden pallet produces only 20% of the global warming impacts produced by a 
plastic pallet under the one-trip scenario.  
 
Figure 3 Impact assessment comparison of Wooden and Plastic Pallets for 1 trip (a) and 100,000 trips (b) 
3.4.2 Case 2: LCA Comparison of wooden pallet and plastic pallet – 100,000 trips 
This section compares the pallet types and treatments on a scale of 100,000 round trips. Following the 
assumption of 15 trips per average wooden pallet and 100 trips per average plastic pallet, 6,667 wooden 
pallets and 1,000 plastic pallets are required to satisfy 100,000 trips. According to PDS, the lifespan of a 
wooden pallet is 33 handling cycles, which means each trip will have roughly 2.2 cycles before the 
retirement of a wooden pallet. The total GWP of a HT wooden pallet is 140.88 t CO2 eq. and that of a plastic 
pallet is 165.71 t CO2 eq. The relatively large carbon footprint of methyl bromide fumigation is evident. 
Impacts due to transportation and production are significantly higher in most impact categories, compared 
to treatment and disposal stages, due to the effects of using fossil fuels and other non-renewable energy 
sources. 
Table 5 shows the impact assessment results of wooden and plastic pallets for each impact category for 
a total of 100,000 round trips. Transportation produces higher impacts in the case of plastic pallets due to 
the longer distances travelled in each trip (350 miles) e.g., global warming impact from the transportation 
of plastic pallets in 100,000 round trips would be 72,000 kg CO2 eq. while this number for wooden pallets 
is 37,200 kg CO2 eq.. Production of wooden pallets from wood contributes significantly towards land 
occupation (14030.415 m2org.arable) and respiratory organics (428.951 kg C2H4 eq.). In the case of plastic 
pallets, production of HDPE resin is a significant contributor to aquatic (5.14E+07 kg TEG water) and 
terrestrial (1.09E+06kg TEG soil) eco-toxicity and eutrophication (1.42E+00 kg PO4 P-lim). 
Transportation of plastic pallets affects ozone depletion (3.36E-02 kg CFC-11 eq), respiratory organics 
(112.00 kg C2H4 eq.), global warming (72000.00 kg CO2 eq.) and nonrenewable energy (3.34E+05 MJ 
primary) to a very high extent due to the use of fossil fuels. 
Figure 3 (b) shows the comparison of wooden pallets and plastic pallets on a 100,000 trips scale for 
each impact category. It is seen that wooden pallets show larger impacts than plastic pallets in categories 
such as respiratory organics, land occupation, and non-renewable energy. This is because the impacts 
generated from 6,667 wooden pallets outnumber the impacts produced by 1000 plastic pallets due to the 
production of wood wastes, organic emissions and energy requirements.  
4. Conclusion 
A detailed account of the environmental impacts produced by pallets is presented in this paper. Based 
on the assumptions stated for the 1 trip case, wooden pallets with conventional and RF heating incur an 
overall carbon footprint of 71.8% and 80.3% lower, respectively, than plastic pallets during their life cycle 
and in comparison with wooden pallets treated with methyl bromide fumigation they incur 20% and 30% 
less overall carbon footprint in 1 trip. Theoretical calculations of the resource consumption and emissions 
of RF treatment of pallets suggest that dielectric technology may provide a lower-carbon alternative to both 
current ISPM 15-approved treatments and to plastic pallets. MeBr fumigation (15.95 kg CO2 eq.) has a 
larger carbon footprint than conventional HT (12.69 kg CO2 eq.) of pallets in 1 trip. For the 100,000 trips 
case, the results are even more significant. MeBr fumigation has a much larger carbon footprint than 
conventional HT of pallets.  
The impact of ISPM 15 treatment of wooden pallets is a relatively small portion of the total carbon 
footprint of the pallet system; the largest contributing processes are the manufacture and transportation of 
the pallets. Thus, from an environmental benefit perspective, and assuming some minimum level of efficacy 
in preventing the transportation of harmful invasive pests, phytosanitary treatment of wooden pallets seems 
to provide a reasonable benefit compared to its environmental cost. Plastic pallets do not present a clearly 
demonstrable environmental advantage over treated wooden pallets. In fact, the vaguely quantified 
dynamics of global pallet movement, with regard to pallet life and retention time in a given supply chain 
system, will not at this time support a statement that either treated wooden pallets or plastic pallets have 
superior environmental performance without a consideration of the level of their use (i.e., number of trips 
required). However, because of the significant advantages in environmental impact of treated wooden 
pallets, it will be highly recommended for use instead of plastic pallets in the industries. Furthermore, 
conventional and RF heating treatment will be more environmental-friendly than methyl bromide 
fumigation treatment in wooden pallets, and will be recommended in the wooden pallet industry as well.  
Although this paper provides many useful recommendations to the implementation of wooden and 
plastic pallets, it still has several limitations. First and foremost, due to the nature of a typical LCA study, 
several uncertainties are dealt with in the analysis, including data collection uncertainty, model correctness 
uncertainty and model completeness uncertainty, which may weaken the conclusion in some levels. 
Moreover, due to the limited information, we made several assumptions which may not be appropriate to 
the study; for example, we applied some hardwood manufacturing information to softwood manufacturing 
process analysis. Additionally, the end-of-life recycle data we used for pallets is from Bush and Araman 
(2009), which is around 10 years. During this ten years, practices and statistics might have changed 
sensitively since then. We will target these limitations in our future work.    
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